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A plate-to-plate thermophoretic precipitator with high particle collection efficiency has been designed and tested. The precipitator consists of two flat plates separated by a 0.38-mm thermal insulating shim. The top plate is heated by a constant high-temperature water flow while the bottom plate is cooled by a constant low-temperature water flow. Through this forced convective heat transfer arrangement, a high and uniform temperature gradient is achieved between the two plates, where submicron aerosol particles can be collected efficiently and uniformly in the direction of the air flow. The precipitator was tested in the laboratory using NaCl and sodium fluorescein monodisperse test particles. When the temperature gradient ranges from 502" to 879"C/cm and the Knndsen number ranges from 0.27 to 3.5, the experimental data show that the present precipitator collects submicron particles efficiently. Among previous theories, the thermophoretic velocity equation proposed by Talbot et al. (1980) is found to fit very well with the present experimental data.
INTRODUCTION
When an aerosol particle is suspended in a gas with a temperature gradient, the particle is subjected to a thermophoretic force and will move in the direction of decreasing temperature gradient. The thermophoretic phenomenon has been studied extensively both theoretically and experimentally (for example, Brock, 1962; Yalamov, 1965, 1966; Derjaguin et al., , 1976 Kousaka et al., 1976; Talbot et al. 1980; Nazaroff and Cass, 1987; Stratmann and Fissan, 1989; Bakanov, 1991; Montassier et al., 1991; Loyalka, 1992) . In addition to air sampling applications, thermophoretic effect has also been used to suppress particle deposition to surfaces (Stratmann et al., 1988) . Swift and Lippmann (1989) has reviewed the previous design of thermo-* T o whom correspondence should be addresed. phoretic precipitators for air sampling purposes. Green and Watson (1935) was the first to constructed a thermal precipitator of the heated wire design for measuring dust concentration. The flow rate is limited to 6-7 cm3/min and the collection efficiency is Low. Later, many modifications to the hot wire thermal precipitator were made mainly to increase the uniformity of the particle deposit. To increase particle collection efficiency further, Kethley et al. (1952) and Wright (1953) designed thermophoretic precipitators in which the temperature gradient is maintained by two circular plates. The aerosol is drawn through a tube in the center of the upper plate and flows radially in the gap between the plates. These precipitators are claimed to collect viable airborne particles efficiently but experimental data are very limited.
In the aspect of the thermophoretic theory, Brock (1962) Talbot et al. (1980) reviewed the previous theoretical work and found that Brock's equation (Brock, 1962 ) approaches Waldmann's free molecular limit for the thermophoretic force F,, (Waldmann, 1959 (Waldmann, , 1961 , while other equations such as those proposed by Yalamov (1965, 1966) , and Derjaguin et al. (1976) do not. According to Derjaguin and Yalamov (1965, 19661, the thermophoretic velocity U,, is Derjaguin et al. (1976) made a correction to the above equation with the factor 3 revised to 2.2. Talbot et al. (1980) made a correction to Brock's fluid drag equation and proposed an interpolating formula for the thermophoretic velocity Ut, as
In the limit of very large Knudsen number, A/R, Eq. 2 states that the dimensionless thermophoretic velocity, U,,T,,/(v V T ) is a constant. Talbot et al. (1980) found that measurement in the particle-free layer over a heated flat plate, particle trajectory calculation according to Eq. 2 gave the best agreement with the experimental data. In Eqs. 1 and 2, R is the radius of the particle; A is the mean free path of air molecules; v = p / p is the air kinematic viscosity, with p the air dynamic viscosity and p the air density; T,, is the mean air temperature in the center of the particle; VT is the temperature gradient in the air; k , and k , are the thermal conductivities of the air and particle respectively; C is the slip correction factor; C, is the momentum exchange coefficient; C, is the thermal slip coefficient; and C, is the temperature jump coefficient. For complete accommodation, the reasonable values of C,, C,, and C, are 1.14, 1.17, and 2.18, respectively (Talbot et al., 1980; Montassier et al., 1991; Loyalka, 1992) .
In the experimental study of thermophoretic particle deposition in laminar tube flow, Montassier et al. (1991) also found that Eq. 2 gives a good agreement between the experimental data and theoretical results. However, in the experiment of Montassier et al. (1991) , the particle collection efficiency is very low, generally less than 10%. This may involves too much uncertainty in the measurement. In a recent study of thermophoretic force on a single particle by Loyalka (1992) , the numerical solution of the linearized Boltzmann equation was obtained and compared with previous work. After reviewing many previous experimental results and theoretical work in the small Knudsen number regime, Bakanov (1991) concluded that differences among various theories still exist, and previous experimental results are not accurate enough to resolve these differences.
In this study, a plate to plate thermal precipitator of high particle collection efficiency has been designed and tested. The advantage of using two flat plates, the top of which is heated while the bottom is cooled by force convection, is that a high and uniform temperature gradient can be set up and hence particles can be collected efficiently on the colder bottom plate. Furthermore, since the relationship between the particle collection efficiency and thermophoretic precipitation velocity is simple for a laminar flow in a rectangular duct, it is easily to calculate the thermophoretic velocity from the measured particle collection efficiency data. In this study, the precipitator is tested for particle collection efficiency in the laboratory with two particle materials, namely NaCl and sodium fluorescein, under two high temperature gradients conditions. The experimental data converted in dimensionless form, U,,T,,/(v VT), can be used to check which of the previous thermophoretic theories is the most accurate one.
THE PLATE-TO-PLATE THERMAL PRECIPITATOR
A plate-to-plate thermal precipitator has been made and its detail drawing is shown in Figure 1 . The thermal precipitation region is confined within a small gap between two flat plates, the top of which is heated by hot water circulating from a constant temperature bath while the bottom plate is cooled by water at ambient temperature. The precipitation area is 3.0 crn (W, width) x 7.1 cm (L, length), and the gap between the plates is kept at 0.38 mm ( H , height) by a thermal insulating shim. The design air flow rate is kept constant at 0.4 L/min and the mean air velocity u,, is calculated to be 58.48 cm/s.
The flow Reynolds number Re, defined as Re = pD, u,,/p ((D, : hydrodynamic diameter), is 29.10 at ambient conditions. According to Schlichting (1979) , the hydrodynamic entry length is 0.04 Re D, = 0.087 cm, which is very short compared with the channel length. Therefore the air flow can be considered to be laminar and fully developed in the precipitation region.
The temperature profile in the precipitation region is also fully developed since the Prandtl number is 0.7 for air flow and the temperature profile develops faster than the velocity profile. The theoretical temperature distribution and temperature gradient vertical to the flow direction can be calculated as discussed below.
According to the energy equation, one can obtain the following governing equation for the temperature distribution in the duct (refer to Figure 2 for the coordinate system) as This equation can be solved for the temperature gradient dT/dy under constant heat flux conditions as Plate-to-Plate Thcrmophoretic Precipitator In Eqs. 3 and 4, T, is the mixing cup temperature, T, and T, are the top and bottom plate temperature, respectively, u,, is the average air velocity, c, is the specific heat capacity of air at constant pressure. The mixing cup temperature T, is defined as T, = j"?,u~PVdy/ (ua,HW) where u and T are the air velocity and temperature at y. In this study, the temperature gradient is measured by six 0.2-mm diameter J-type thermocouples embedded in the top and bottom plates. Two sets of measured temperature data at air flow rates ranging from 0 to 7.43 L/min are shown in Table 1 . For the positions where the thermocouples are installed, one can refer to Figure 2 . It can be seen from the table that temperature distribution is very uniform along the direction of the precipitation region. For example, at the top portion of Table 1 , it shows that the axial temperature variation dT,,/dx, only ranges from 0.17" to 0.20"C/cm in the top plate or from 0.06" to 0.08"C/cm in the bottom plate. The influence of air Aow rate through the precipitator on the plate temperature is shown to be quite small, presumably because that the thermal conductivity of air is quite low compared with that of water. At the current design air flow rate of 0.4 L/min, the pressure drop through the precipitator, which is measured as 6 mm H 2 0 , can be considered to be very small.
Since the axial temperature variation is small, the first term of the right hand side of Eq. 4 is negligible compared with the second term. For example, referring to the data in the top portion of Table 1 , at the air flow rate of 0.4 L/min and the average air temperature of 300 K, the maximum value of the first term of Eq. 4 Hot water tank temperature = 30.3"C, flow rate = 3.5 L/rnin Cold water inlet temperature = 20.g°C, flow rate = 0.77 L/min is about S.O°C/cm, which is very small compared with the second term of 410°C/ cm. Therefore, in this precipitator, the temperature gradient dT/dy can be considered to be uniform in both axial and vertical directions, and its value can be calculated directly from the measured top and bottom plate temperature data as Therefore, a very high and uniform temperature gradient can be setup easily in this thermophoretic precipitator as long as the gap is kept small. It is expected that the particle collection efficiency will be high when the temperature gradient is raised to a high value. To find the particle collection efficiency 77, the critical particle trajectory (x*, y*) for a particle to just deposit on the rear edge of the bottom plate must be found. Since the air flow becomes fully developed very quickly, one can assume a parabolic air velocity profile in the axial direction, and the particle equations of motion in the x and y directions can be written as Integrating above equations and setting x" = L, one can find the critical particle trajectory from the following equation as Setting x* = 0 in thc above equation, the critical point at the duct entry, y*,, can be found from the following equation:
Then, the particle collection efficiency 77 can be calculated as It is seen that particle collection efficiency 77 turns out to be the same as in the case of an uniform air velocity profile assumption. Using Eq. 9, the thermophoretic velocity U,, can therefore be calculated easily once the particle collection efficiency 77 is measured.
Besides high particle collection efficiency, there are additional advantages of using this thermophoretic precipitator. First, since the air flow is laminar in the precipitator, the precipitation flux of particles is uniform along the axial direction. Furthermore, since most of particles have thermal conductivity much higher than that of air, one can see from Eq. 2 that the precipitation velocity and hence the precipitation flux for submicron particles is nearly independent of particle materials. But this statement is not true for supermicron particles with high thermal conductivity.
EXPERIMENTAL METHOD AND RESULTS
The experimental setup used to measure the particle collection efficiency is shown in Figure 3 . Polydisperse NaCl or sodium fluorescein aerosol is generated using a constant output aerosol atomizer (TSI model 3076). The aerosol is dried in a diffusion dryer neutralized in an electrostatic charge neutralizer (TSI model 30771, and passed through an electrostatic classifier (TSI model 3071A) to generate monodisperse aerosol particles. The monodisperse aerosol is further neutralized by an electrostatic charge neutralizer before being introduced into the thermal precipitator. At a preset temperature gradient, the inlet and outlet aerosol concentrations are measured by a condensation nucleus counter (TSI model 3760). The particle collection efficiency is calculated from these concentration data. For the time being, the air flow rate through the precipitator is maintained at 0.4 L/min at ambient conditions. In the experiment, particle loss due to Brownian diffusion is found to be important. When determining the particle collection efficiency due to thermophoretic effect, such particle loss has to be accounted for. Theoretical particle loss due to Brownian diffusion and gravitational settling in the thermal precipitation region can be seen in Table 2 for NaCl particles at the temperature gradient of 502.63"C/cm. The maximum theoretical particle loss, 6.596, is due to Brownian diffusion, which occurs when the particle diameter is 0.04 pm. As can be seen in Table 2 , the loss due to gravitational settling is negligible. In addition to the loss in the thermal precipitation region, it is found that loss of particles also occurs at other locations within the precipitator. The loss is particularly important at the entry and exit slots where flow may recirculate and the residence time of aerosol particles are much longer than that in the thermal precipitation region. The amount of this particle loss can't be predicted by theory and has to be determined experimentally.
The amount of total particle loss, qL, was first determined experimentally by setting both the top and bottom plates at the same temperature. This temperature is the average between the top and bottom plate temperatures when the particle collection efficiency due to the thermophoretic effect, q, is to be determined at a certain temperature gradient. Total particle loss qL was found to be much greater than the theoretical particle loss in the thermal precipitation region alone. It decreases from 27.8% to 11.3% when the particle diameter is increased from 0.04 to 0.5 pm. After determining the total particle collection efficiency r), which includes total particle loss, the thermophoretic precipitation efficiency, q, is then calculated as
The experimental collection efficiency due to thermophoretic effect is shown in Figure 4a for sodium fluorescein particles, and Figure 4b for NaCl particles at different thermal gradients. Temperature gradients are 526.3" and 878.96"C/cm for sodium fluorescein particles, 502.63" and 836.84"C/cm for NaCl particles, respectively. Experimental uncertainty which is represented as an error bar is also indicated in Figure 4 . The tested particle diameter ranges from 0.04 to 0.5 p m and the thermal conductivities are 0.016 and 0.00103 cal/(cm. s . K) for NaCl (Reist, 1993) and sodium fluorescein (Montasier et al., 1991) respectively. It is seen that the particle collection efficiency increases as the thermal gradient is increased or when the particle size is decreased. Also in this precipitator, the collection efficiency for submicron particles is considered to be very high. For example, at the temperature gradient of 878.96'C/cm, the collection efficiency is above 75% for sodium fluorescein particles smaller than 0.2 p m in diameter. It is expected that higher collection efficiency than the present data can be obtained if the temperature gradient can be maintained above 890°C/cm.
When plotted using the coordinate of the dimensionless thermophoretic velocity, D; , T0/(v VT), versus the Knudsen number, h/R, Figure 5 shows the present experimental data agree very well with the theoretical predictions by Talbot et al. (1980) for both two particle materials at different temperature gradients. The data clearly show that U,,T,,/(v VT) approaches Waldmann's free molecular limit asymptotically as h/R goes to infinity. Also shown for comparison is the theoretical prediction by Yalamov (1965, 1966) , which is represented by Eq. 1. The present experiment indicates that the theory by Yalamov (1965, 1966) overestimates the thermophoretic velocity substantially in the range of the Knudsen number tested. Although not shown in Figure 5 , the corrected for- NaCl mula by Derjaguin et al. (1976) also overestimates the thermophoretic velocity very much.
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CONCLUSION
An efficient plate-to-plate thermophoretic precipitator has been designed and tested. Forced convective heat transfer through the top and bottom plates provides a high and uniform temperature gradient between plates, where submicron aerosol particles can be collected efficiently and uniformly in the direction of the air flow. The precipitator was tested in the laboratory using NaCl and sodium fluorescein monodisperse test particles at high ther- mal gradients. The present experimental data shows that the thermophoretic velocity formula proposed by Talbot et al. (1980) is accurate.
Since the particle collection efficiency is predictable using simple equations, the present precipitator can be used as an effective submicron aerosol sampling device. To increase sampling efficiency and flow rate further, the precipitation area or the temperature gradient can be increased from their present values. For example, it is easy to increase the present precipitation area of 21 cm2 to a value dictated by the desirable collection efficiency and flow rate.
Using this plate to plate thermophoretic precipitator, more experimental data for low thermal conductivity materials and small Knudsen number flow can be obtained to further test various previous thermophoretic theories.
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